Animal models of disease are essential for cardiovascular research. However, animal models of right-sided heart failure are few and remain poorly characterized. The aim with this study was to establish a rat model of right-sided heart failure (HF) using pulmonary trunk banding (PTB) and subsequently to characterize the systemic and cardiac changes in this model, including protein expression of SERCA2 and a-sarcomeric actin. Rats underwent banding or sham operation. To evaluate the development of HF over time three groups were included in this study. They were killed 2-3, 5-7 or 16-17 weeks after operation, respectively. PTB rats showed marked hypertrophy of the right ventricle (RV). Catheterization of the RV showed a three-to four-fold increase in right ventricular systolic and diastolic pressures as well as increased dP/dT max and dP/dT min. Plasma analyses revealed increased liver enzymes in most PTB groups and post mortem examination revealed congestion of the liver as well as formation of ascites and hydrothorax in many PTB rats. Immunoblotting of the RV revealed no changes in SERCA2 or a-sarcomeric actin. In conclusion, PTB was an effective method to induce right-sided HF. The presence of HF was confirmed by severe signs of backward failure in conjunction with markedly elevated RV pressures and reduced RV ejection fraction (EF). r
Introduction
The role of the right ventricle (RV) in cardiac function and disease has often been neglected as most attention is given to the function of the left ventricle (LV). However, it is well recognized that there is a relationship between the functioning of the two ventricles. Thus, impairment of the RV may influence LV function (or vice versa) (Clyne et al., 1989; Dittrich et al., 1989; Hill and Singal, 1997; Mizushige et al., 1989; Yu et al., 1996) . In a state of right ventricular pressure overload this ventricular interdependence may be ascribed to pathologic septal motion, decreased LV preload or other unknown factors (Dittrich et al., 1989; Mizushige et al., 1989; Yu et al., 1996) . RV function is an independent predictor of mortality and the development of heart failure (HF) in patients with known LV dysfunction (Zornoff et al., 2002) and right ventricular involvement during acute inferior myocardial infarction is a strong, independent predictor of major complications and in-hospital mortality (Zehender et al., 1993) . Finally, 5-10% of patients with advanced chronic obstructive pulmonary disease (COPD) may suffer from severe pulmonary hypertension and present with a progressively downhill clinical course because of right heart failure added to the ventilatory handicap (Naeije, 2005) .
In this context there is a need for a well-established animal model of right-sided HF for further investigation of RV function and pathology. Few animal models exist that are able to induce HF (whereas several models have been employed to induce RV hypertrophy, including monocrotaline (MCT) treatment (Jones et al., 2002; Jones et al., 2004; Kato et al., 2003) , hypoxia (Bonnet et al., 2004; Pozeg et al., 2003) , infarction (Nahrendorf et al., 2003) and also mild pulmonary trunk banding (PTB) (Adachi et al., 1995; Bar et al., 2003; Braun et al., 2003; Ikeda et al., 1999; Kuroha et al., 1991; Olivetti et al., 1988; Zierhut et al., 1990) ). MCT treatment has been used to induce pulmonary hypertension resulting in RV hypertrophy and eventually HF (Chen et al., 2001; Doggrell and Brown, 1998) . However, there are disadvantages to MCT in the form of disease manifestations not usually associated with human heart failure (hepatic cirrhosis and megalocytosis, venoocclusive disease and thrombocytopenia (Doggrell and Brown, 1998) , and changes in hormones such as endothelin (Miyauchi et al., 1993) ). PTB does not have the side-effects of MCT treatment and is a promising method for inducing symptomatic right-sided HF. Until now, the PTB HF model has not been characterized. The objective of this study was therefore to establish a rat model of right-sided heart failure using PTB and subsequently to characterize the systemic and cardiac changes in this model. Upregulation of LV a-sarcomeric actin has been shown in rats with left-sided HF, possibly as a compensatory mechanism (Stilli et al., 2006) . It has also been speculated that reductions in the level of sarcoplasmatic reticulum proteins involved in Ca 2+ transport contribute to the pathophysiology of left-sided HF in humans (Movsesian et al., 1994) . Using the PTB model, this study aimed to examine RV protein levels of a-sarcomeric actin and the calcium transporter SERCA2 in rats with right-sided HF.
Methods

Animals
Experiments were performed using male Wistar rats with an initial weight of 150-200 g. The rats were given free access to tap water and standard rat chow (Altromin #1324, Altromin, Lage, Germany) and were housed under controlled temperature (2172 1C) and humidity (5572%) in a 12 h light-dark cycle. The animal protocols were approved by the boards of the Institute of Anatomy and Institute of Clinical Medicine, University of Aarhus, according to the licences for the use of experimental animals issued by the Danish Ministry of Justice.
Pulmonary trunk banding procedure
Rats were anesthetized with isoflurane (Forene-isoflurane, Abbot Scandinavia AB, Solona, Sweden) using an induction dose of 4% isoflurane in a mixture of 50% O 2 and 50% N 2 O. In order to maintain sufficient ventilation throughout the procedure rats were intubated using a white venflon cut to a length of 4.1 cm and artificially ventilated using a rodent ventilator with a tidal volume of 3 ml and a rate of 75 breaths/min using 2% isoflurane in a mixture of 50% O 2 , and 50% N 2 O. In order to monitor cardiac status during surgery three electrodes, connected to a channel recorder (Power Lab 8 SP, channel recorder ML 785 SP, PowerLab-system, ADInstruments), were placed subcutaneously. Using a PC with PowerLab, Chart 5 software (ADInstruments) the signal from the channel recorder was translated into an ECG signal and displayed on a monitor. To minimize heat loss, all rats were placed on a heating pad during the whole procedure.
The chest was shaved and washed with alcohol before a 3 cm midline incision was made in the skin to reveal the pectoral muscles. Through an incision close to the sternum the left pectoral muscles were gently drawn aside thereby exposing the costae and intercostal muscles. The second, third, and sometimes fourth costae were cut with a pair of scissors. A retractor was inserted and used to push the costae away from the sternum making the thymus and heart accessible. The thymus was grasped with a clamped forceps and swung upwards. The pericardium was opened and using a dual view surgical microscope the pulmonary trunk was carefully separated from the aorta. Pulmonary trunk banding was done using titanium clips (Horizon Ligating Clips ref. 001200, Weck Closure Systems). Often a 4.0 silk ligature was placed around the pulmonary trunk in order to ease placement of the clips. A modified Horizon applier (Horizon Applier, small, cat. nr. HZ137081, Weck Closure Systems, USA) was used to place and compress the clips around the pulmonary trunk. Before use the applier was adjusted to compress the clips to an outer diameter of 0.9 mm. When banding was successfully accomplished, the thymus was swung back and the retractor removed. Costae and intercostal muscles, the pectoral muscles and the skin were closed in three separate layers with Polysorb 4.0 suture. A small plastic tube connected to a 5 ml plastic syringe was left inside the thoracic cavity for drainage. Approximately 3 ml of air was evacuated from the thoracic cavity and while maintaining a negative pressure the tube was carefully retracted. This was done in order to re-establish the negative pressure necessary to unfold the lungs and minimize the risk of pneumothorax following the operation. All rats received a 4 ml isotonic saline injection subcutaneously to compensate for fluid loss during the procedure (bleeding and evaporation). When the animal showed sufficient spontaneous respiration and responded to handling, it was extubated. Prior to extubation the artificial ventilation was usually changed to 100% O 2 . Rats were placed for up to 1 h inside a chamber with high oxygen concentration to help them recover before they were returned to their normal cage. To relieve postoperative pain, rats were treated with buprenorphine 0.12 mg/kg s.c. (Anorfin, GEA, Frederiksberg, Denmark) two times a day for 3 days. The first dose was always given at the start of the procedure. Sham operated animals underwent the same procedure as PTB rats except for banding of the pulmonary trunk.
Sacrificing procedures
In order to obtain information on the development and progression of PTBinduced HF, rats were operated and killed at different time points after PTB. Sham operation was performed in parallel and the Sham rats were paired with the PTB rats. Three groups were included in this study. Rats were killed 2-3, 5-7 or 16-17 weeks after banding, respectively. Six PTB and six Sham rats were selected for echocardiography 15 weeks after operation. All rats were maintained in metabolic cages 5 days prior to termination to allow urine collections for measuring Na + , K + , creatinine and osmolality. Subsequently the rats were anesthetized and right heart catheterization was performed (described below). Immediately after catheterization, a laparotomy was made and the peritoneum was inspected for ascites. If present, the amount was quantified by soaking up the fluid with a pre-weighed piece of soft paper and then weighing it again. Blood was collected from the aorta in a heparinized tube for subsequent analysis (described below). The liver was then removed, weighed and inspected for macroscopic signs of congestion (''nutmeg liver''). The thorax was opened and inspected for hydrothorax. If present, the fluid was collected and weighed. The heart was removed. Blood vessels and the heart atria were removed and the remainder of the heart was carefully washed and dissected into the RV and the LV with the septum attached (LV+S). The ventricles were then wiped clean from fluids and blood and weighed. The following parameters were calculated: RV/body weight and LV+S/body weight.
Heart catheterization
Pressure measurements were done with a 1.4 Fr ultraminiature catheter pressure transducer (1.4 Fr SPR 671 Millar Instruments, Houston, TX) and a Pressure Control Unit (PCU-2000, Millar Instruments, Houston, TX) connected through a channel recorder (Power Lab 8 SP, channel recorder ML 785 SP, PowerLab-system, ADInstruments) to a PC with PowerLab, Chart 5 software (ADInstruments). An ECG was achieved via three electrodes placed subcutaneously on the rat. By modulating all input data the Chart 5 software made it possible to do simultaneous and continuous monitoring of ECG, blood pressure and rate of ventricular pressure rise and decay (dP/dT max and dP/dT min). Before each use the pressure was adjusted to zero by placing the catheter in a heparinized isotonic saline solution. The first zero calibration was done when the catheter had been placed in this solution for at least 30 min.
The animals were anesthetized with 2% isoflurane in a mixture of 50% O 2 and 50% N 2 O, and placed on their back on a heating pad. Isoflurane was administered through a mask made for rodents and the rats maintained spontaneous breathing throughout the entire procedure. The right side of the neck was shaved and washed with alcohol. Using a pair of scissors a 3-4 cm incision was made in the skin in a direction from a little below the right clavicle towards the head. Under a dual view surgical microscope two forceps were used to free dissect the right jugular vein. A 4.0 silk ligature was placed around the proximal end of the vein. The distal end of the vein was ligated with a 4.0 silk ligature and a clamped forceps was placed at the end of the ligature to gently pull the vessel in the cranial direction. A small incision was made in the vein to expose the lumen and the catheter was introduced and advanced towards the right atrium. The proximal ligature was tightened to minimize bleeding. Once inside the atrium the catheter was advanced until the tip of the catheter was placed inside the RV. This was achieved by closely watching the blood pressure curve and observing the characteristic change of the pressure curve. The catheter was kept inside the RV for a few minutes to assure a reliable period used for calculating right ventricular systolic pressure (RVSP), right ventricular end diastolic pressure (RVEDP), dP/dT max, dP/dT min and heart rate. All results were calculated as the mean of 40 consecutive values recorded with Chart 5. Before the catheter was returned to the heparinized saline solution it was cleaned gently with a cotton swap. Some drifting from the zero set point occurred (a different value than the initial zero set point was recorded after the catheter had been returned to the heparinized saline solution). Because of this we decided to use a correction factor to compensate for drifting. The correction factor was calculated as the mean of the start zero value and the pressure value recorded after use of the catheter. The correction factor was used to correct RVSP and RVEDP.
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Plasma and urine measurements
The rats were placed in metabolic cages (Techniplast, Italy) for a period of 5 days to enable urine collection. The plasma concentrations of electrolytes, urea, creatinine, bilirubin, albumin, alanine-amino-transferase (ALAT), alkaline phosphatase (ALP) and urine concentrations of creatinine and urea were determined (Vitros 950, Johnson & Johnson, USA).
Urine concentrations of sodium and potassium were determined by standard flame photometry (FCM 6341, Eppendorf, Germany). The osmolality of urine and plasma was determined by freezing point depression (Advanced Osmometer, Model 39000, Advanced Instruments, USA and Osmomat 030-D, Gonotec, Germany). The collected urine and plasma samples from the last 24 h of the study were used to determine renal creatinine clearance, using the formula C ¼ U Â V =P where C is renal clearance, U is urine concentration, V is urine flow rate and P is plasma concentration. To determine glomerular filtration rate (GFR) we assumed that renal clearance of creatinine equalled the GFR. Plasma concentration of aldosterone was also determined (Coat-A-Count Aldosterone, Diagnostic Products Corporation, LA, USA).
Semi-quantitative immunoblotting
The free-dissected RVs were homogenized in ice-cold isolation solution containing 0.3 M sucrose, 25 mM imidazole, 1 mM EDTA, 8.5 mM leupeptin and 1 mM phenylmethylsulfonyl fluoride, pH 7.2. The homogenates were centrifuged at 4000 rounds per minute for 15 min at 4 1C to remove whole cells, nuclei and mitochondria and the supernatant was pipetted off and kept on ice. All samples were solubilized at 90 1C for 10 min in Laemmli sample buffer, and then stored at À20 1C. To confirm equal loading an initial gel was stained with Coomassie Blue dye. SDS-PAGE was performed on 9% or 12% polyacrylamide gels. The proteins were transferred from the gel electrophoretically (BioRad Mini Protean II) to nitrocellulose membranes (Hybond ECL RPN3032D, Amersham Pharmacia Biotech, Little Chalfont, UK). After transfer the blots were blocked with 5% milk in PBS-T (80 mM Na2HPO4, 20 mM NaH 2 PO 4 , 100 mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h and incubated overnight at 4 1C with primary antibodies. The sites of antibody-antigen reaction were visualized with horseradish peroxidase (HRP)-conjugated secondary antibodies (P447 or P448, diluted 1:3000; DAKO, Glostrup, Denmark) with an enhanced chemiluminescence system (ECL, Amersham Pharmacia Biotech, Little Chalfont, UK). The band densities were quantitated by scanning the densitometry and values were normalized to facilitate comparisons. Results are listed as the relative, not absolute, abundances between the groups, hence the term semiquantitative immunoblotting. The following commercial antibodies were used: mouse monoclonal anti-a-sarcomeric actin dilution 1:1000 and mouse monoclonal anti-SERCA2 ATPase dilution 1:1000, both from sigma-aldrich.
Histological examination
A 2-3 mm slice of the RV was cut. The tissue was immersion fixed by placing it in 4% paraformaldehyde buffer (pH 7) for at least 24 h. The tissue was dehydrated in graded ethanol and left overnight in xylene. After tissue embedding in paraffin 2 mm sections were cut on a rotary microtome (Leica Microsystems A/S, Herlev, Denmark). The sections were stained using collagen-specific Sirius Red to visualize fibrosis.
Echocardiography
Transthoracic echocardiography was performed in the supine or left lateral position, using inhalative anesthesia initially 4% then 1-2% isofluran, enriched with 1 l/min oxygen.
We used a Vivid 7 echocardiographic imaging unit (GE Medical Systems) equipped with a 10S 4-12 MHz transducer. The heart was imaged at a frame rate between 100 and 150 Hz and normally a second harmonic setting of 5.0/9.5 MHz was used. Two-dimensional (2D) echocardiographic images of a short-axis view on the mid-papillary level were recorded with the roundness of the left ventricular cavity as a criterion that the image was on axis. Great effort was taken to achieve a good image quality within the mid-papillary level to visualize the endo-and epicardial borders of the heart by carefully angulating and moving the transducer. Left and right ventricular areas were planimetered from the 2D recordings. Ejection fraction (EF) was calculated from these areas.
Statistical analyses
Values are presented as means7standard errors (SE). The statistical significance of differences between the groups was determined using F-test test to determine variance and then using two-sample t-test. Multiple comparisons between the groups were analyzed by one-way analysis (ANOVA) followed by LSD for post hoc multiple comparisons test. P values o0.05 were considered significant.
Results
RV pressure measurements
RVSP, RVEDP, dP/dT max and dP/dT min values are plotted in Fig. 1 . PTB rats had markedly increased RVSP from the beginning and throughout the study. At 2-3 weeks after banding PTB rat RVSP was tripled compared to Sham rats (87.876.8 vs. 28.171.7 mmHg in Sham rats, po0.05). PTB rat RVSP reached a maximum at 5-7 weeks after banding (114.377.1 vs. 36.171.7 mmHg in Sham rats, po0.05) and stabilized around the maximum value during the rest of the study period. Sham rat
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RVSP values were stable throughout the study. Preload in PTB rats was markedly increased evidenced by a significantly increased RVEDP throughout the study. At 2-3 weeks after banding, PTB rat RVEDP was almost tripled compared to Sham rats (5.471.1 vs. À3.371.1 mmHg in Sham rats, po0.05) and stabilized at this level during the rest of the study period. dP/dT max was also significantly increased in PTB rats in all groups. At 2-3 weeks after banding dP/dT max was doubled compared to Sham rats (28807255 vs. 1486756 mmHg/s in Sham rats, po0.05) and reached a maximum at 5-7 weeks after banding (41017303 vs. 2093775 mmHg/s in Sham rats, po0.05) where it stabilized for the rest of the study period. The increase in dP/dT max can be ascribed to the increased preload but may also suggest an increased myocardial contractility.
Ventricular hypertrophy
PTB produced pronounced RV hypertrophy from the beginning and throughout the study (Figs. 2 and 3) . Marked fibrosis was present 3 weeks after PTB (Fig. 3) . Compared with Sham rats, 2-3 weeks after banding of the pulmonary trunk, RV weight in PTB rats was doubled (0.3870.02 vs. 0.1970.01 g in Sham rats, po0.05). model. When adjusted for body weight, the increase in RV weight was partially masked by a corresponding increase in body weight but there was a significant difference between PTB and Sham rats in all groups. When adjusted for body weight, significant hypertrophy of the LV+S was present in all groups, although this hypertrophy was much less pronounced than the hypertrophy of the RV. Looking at the unadjusted weights, maximal LV hypertrophy was observed 16-17 weeks after banding (0.8770.03 vs. 0.7170.02 g in Sham rats, po0.05) which was significantly higher than the other PTB groups.
Plasma and urine analyses
Plasma values and creatinine clearance are plotted in Table 1 . Plasma potassium was increased in the 2-3 weeks PTB group compared with Sham rats (5.9770.27 vs. 5.0670.1 mmol/l in Sham rats, po0.05) but no significant differences were seen in the other groups. Significant elevation of plasma urea was seen in all PTB groups compared with Sham rats. GFR estimated as creatinine clearance was significantly reduced in the 2-3 weeks PTB group (4.270.3 vs. 5.370.3 ml/min/kg in Sham rats, po0.05) and 16-17 weeks PTB group (3.670.2 vs. 5.270.2 ml/min/kg in Sham rats, po0.05) but not in the 5-7 weeks group. The decrease in GFR taken together with increased plasma urea levels and the hyperkaleamia observed in the 2-3 weeks PTB group indicated renal failure. Plasma alkaline phosphatase (ALP) was significantly increased in all PTB groups. PTB rats had significantly higher plasma aldosterone levels in the 2-3 weeks group (7717113 vs. 402733 pg/ml, po0.05) but no changes were observed in the other groups (data not shown).
Signs of backward failure
Ascites, hydrothorax and congestion of the liver were prominent findings in PTB rats in all groups although only some rats in each group were affected. When present, the amount of ascites was between 1 and 4 g and the amount of hydrothorax was between 0.25 and 23 g, showing the broad spectrum of disease manifestation. The percentages of PTB rats in each group with hydrothorax, ascites or macroscopic signs of congestion of the liver are shown in Table 2 . Congestion of the liver and presence of hydrothorax was most prominent in the 16-17 weeks group with a prevalence of 43% among the PTB rats. The prevalence of ascites was also greatest in the 16-17 weeks group. No Sham rats showed ascites, hydrothorax or congestion of the liver.
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Echocardiography
To evaluate RV and LV function, echocardiography was performed on six PTB and six Sham rats 15 weeks after PTB-operation (Fig. 4) Values are expressed as means7SE. Numbers in parentheses give the number of rats that were used for plasma analyses. P K , plasma potassium; P crea , plasma creatinine; P urea , plasma urea; P ALP , plasma alkaline phosphatase; C cr , creatinine clearance. Ã po0.05. Values are expressed as means7SE or as percentages. The prevalence of ascites, hydrothorax and liver congestion among rats is expressed as percentages of the total number of rats. No Sham rats had any detectable amounts of effusions. When present, the amount of ascites was between 1 and 4 g and the amount of hydrothorax was between 0.25 and 23 g. Ã po0.05.
rats. RV systolic lumen was increased compared to Sham rats (0.3070.14 vs. 0.0570.01 cm 2 , po0.05). LV EF was unchanged compared to Sham rats (64.5718.8 vs. 69.476.36%, p ¼ 0.56). RV EF was decreased compared to Sham rats (33.5716.0 vs. 65.879.75%, po0.05). The fact that LV diastolic lumen was decreased and that LV EF was unchanged strongly indicated that PTB rats had reduced cardiac output.
Immunoblotting RV protein levels of SERCA2 and a-sarcomeric actin were determined in seven PTB rats and six Sham rats from the 2-3 weeks group. To identify SERCA2 and ARTICLE IN PRESS a-sarcomeric actin, specific monoclonal antibodies were used (as described in the Methods section). There was no significant difference between PTB rat RV myocardium and Sham rat RV myocardium for either SERCA2 or a-sarcomeric actin (Figs. 5 and 6 ).
Discussion
Defining HF in an animal model Defining HF is challenging since there are neither objective cut-off values of cardiac or ventricular dysfunction nor changes in flow, pressure, dimension or volume that can be reliably used to identify patients with HF (Swedberg et al., 2005) . The European Society of Cardiology task force for the diagnosis and treatment of congestive HF states that both symptoms at rest or during exertion as well as objective evidence of cardiac dysfunction at rest must be present to diagnose HF (Swedberg et al., 2005) . Obviously, in an animal model of HF symptoms such as fatigue or breathlessness are difficult to detect and quantify. Thus, very few studies have employed animal models of right-sided HF and often rather loose criteria for HF diagnosis (such as ruffled fur or weight loss combined with cardiac hypertrophy) have been used (LekanneDeprez et al., 1998) . Studies of left-sided HF are much better established but still do not address symptoms. Hence, evaluation of the models rely on objective findings such as increased filling pressures, reduced cardiac output and reduced ejection fraction (Chen et al., 2001; Heyen et al., 2002; Pfeffer et al., 1979; Staahltoft et al., 2002) . Additional valuable signs of backward failure are ARTICLE IN PRESS ascites and hydrothorax (Shigematsu et al., 2001) . Thus, in an animal model of HF the consensus is that objective findings of cardiac dysfunction are sufficient to define HF, especially if concomitant signs of backward failure are present.
Present findings vs. previous studies
The results of this study characterize PTB as a method for inducing right-sided HF in rats. This is based on the consistent and numerous pathologic objective findings in the different groups. In the present study PTB was associated with RVSP values up to 120 mmHg and a 200% increase in RV weight along with severe signs of backward failure in the form of ascites and hydrothorax formation as well as congestion of the liver accompanied by elevated liver enzymes. In addition, changes in renal function were found in some groups and echocardiography revealed reduced LV dimension and substantially decreased RV EF. In comparison, studies using MCT treatment have only achieved RVSP values between 40 and 77 mmHg and a 100-200% increase in RV weight and most studies do not report formation of ascites or hydrothorax (Chen et al., 2001; Jones et al., 2004; Kogler et al., 2003; Leineweber et al., 2002; Miyauchi et al., 1993; Seyfarth et al., 2000) . Previous studies have mainly used PTB for hypertrophy research. These studies achieved RVSP values between 30 and 77 mmHg and a 50-100% increase in RV weight (Adachi et al., 1995; Ikeda et al., 1999; Olivetti et al., 1988; Zierhut et al., 1990; Zimmer, 1992) . The differences between previous hypertrophy studies and the present HF study were probably due to a much higher degree of constriction of the pulmonary artery in our PTB model (0.9 mm vs. 1.7-1.1 mm in other studies). To the best of our knowledge only one previous study has used PTB to induce overt HF and it lacked information on ARTICLE IN PRESS important parameters such as RV pressures since its focus was not on characterization of the PTB HF model (LekanneDeprez et al., 1998) .
Immunoblotting for SERCA2 and a-sarcomeric actin revealed no significant changes. SERCA2 protein levels from failing LVs have been examined in several studies, most of which found no significant changes (Movsesian et al., 1994; Schwinger et al., 1995; Linck et al., 1996) . This study showed that SERCA2 was not changed in failing RVs either. Thus, down-regulation of SERCA2 most likely does not play a role in either right or left-sided heart failure. Upregulation of LV a-sarcomeric actin has been shown in rats with left-sided HF, possibly as a compensatory mechanism (Stilli et al., 2006) . This study could not show any upregulation of a-sarcomeric actin in failing RVs, although compensatory hypertrophy was present. Further studies are required to confirm this finding.
Time course
Development of HF in this model occurred early in the study as signs of backward failure were present 2-3 weeks after banding and development of HF probably occurred right after banding. This was in contrast to the MCT model in which pulmonary hypertension slowly progresses and leads to HF after a considerable number of weeks. There was no substantial progression of heart failure symptoms throughout the study period (the prevalence of ascites, hydrothorax and liver congestion remained largely the same in all the PTB groups) whereas the heart (RV and LV) continued to hypertrophy until the end of the study period. The lack of progression of heart failure could be explained by the hypertrophy observed, which partly compensated for banding of the pulmonary artery. Marked fibrosis was present from 3 weeks after PTB underscoring that remodelling takes place soon after banding.
Inter-individual variations
It was evident that animals within the groups reacted differently to the banding since only some of the PTB rats in each group showed signs of backward failure. PTB using surgical nylon thread has been used in several hypertrophy experiments. However, slippage of the band and the obvious difficulties ensuring the same degree of constriction among the banded animals when using a surgical nylon thread led us to believe that banding with titanium clips would be a more reliable method to create PTB HF rats. Indeed, in another PTB study using surgical nylon thread, about 25% of the banded rats showed no hypertrophy (LekanneDeprez et al., 1998) suggesting that this was a less reliable way of banding. As all PTB rats in this study showed pronounced hypertrophy, banding with clips was a very reliable method. Variation of disease manifestations is apparent in all animal HF studies and this PTB HF study was no exception. However, the prevalence of signs of backward failure in this study was generally higher than MCT studies underscoring the effectiveness of the PTB model.
Ventricular interdependence
The presence of ventricular interdependence was also evident as mild hypertrophy of the LV+S was observed in the groups. Whether this hypertrophy of the LV+S was actually due to septum hypertrophy alone or also due to hypertrophy of the LV is unknown, as we did not weigh the septum and the LV separately. However, recent results demonstrated that pulmonary hypertension was associated with a decrease in the size of LV whereas the septum hypertrophied (Boer et al., 2005) . The presence of renal failure in some of the PTB groups in this study suggested that LV dysfunction was considerable, as a rather great decrease in cardiac output (causing pre-renal azotaemia) is necessary for changes in GFR to occur due to renal auto regulation. Echocardiography 15 weeks after PTB showed decreased LV diastolic dimension and unchanged LV EF indicating that PTB rats had reduced cardiac output.
In summary, a reproducible animal model of right-sided HF has been established using titanium clips to induce a mechanical overload of the RV. PTB selectively affects the heart and does not have the side-effects of MCT treatment which makes PTB a superior hypertrophy and HF model. The novelty of this PTB model compared to previous PTB models was that we were able to induce overt heart failure rather than just RV hypertrophy. Most HF studies focus on cardiac changes only. We have examined not only the haemodynamic and structural changes in the RV but also the pathophysiological changes in other organs including plasma and renal function changes which provides valuable additional information. The long time-course of our study enables PTB to be used for experiments in both acute/ subacute (few weeks) and chronic (17 weeks) heart failure. The presence of three separate PTB groups at different time-points clearly illustrated the development of hypertrophy and RV pressures as well as the development of extra-cardiac manifestations. It is the hope and belief of the authors that this study will provide researchers with a reproducible and reliable method for experimentally inducing right-sided heart failure so that an important area of human heart disease may be explored further.
